Abstract The seismic alert system (SAS) for Mexico City has now been in operation for about 15 years. The SAS takes advantage of the fact that the city is located more than 300 km from the foci of many of the potentially damaging earthquakes. The system consists of 15 accelerometers located along the coast of the State of Guerrero, above a segment of subduction plate boundary that is a mature seismic gap. An algorithm estimates the magnitudes of earthquakes from the near-source accelerograms and issues public and restricted alerts for earthquakes with M Ն6 and 5 Յ M Ͻ 6, respectively. An evaluation of the SAS's performance during 1991-2004 reveals a surprisingly high rate of failure and false alerts. This poor performance results from an inadequate detection algorithm and a limited areal coverage by the SAS. This renders the alert system of limited use.
Introduction
The metropolitan area of Mexico City is inhabited by about 20 million persons. Although the city is located more than 300 km from the Pacific coast, where most large earthquakes originate, it nevertheless suffers frequent earthquake disasters. In most other regions of the world the amplitude of seismic waves at such distances is sufficiently diminished so that even large earthquakes do not cause any damage. The principal cause of the unexpected phenomenon in Mexico City is well known: an extraordinary amplification of seismic waves in the frequency band of 0.2-1.0 Hz resulting from the soft clays that underlie the lake-bed zone of the Valley of Mexico (e.g., Singh et al., 1988a,b) . The most recent example was the Michoacan earthquake of 1985 (M w 8.0), which originated at a distance of about 350 km from the city. The collapse of buildings during the earthquake killed about 10,000 and injured 30,000 persons. Triangles and rectangles indicate interplate and noninterplate events, respectively. Green and red symbols show locations of the events for which the SAS issued restricted and public alerts, respectively, during the period August 1991-July 2004. Symbols with white interior are events which generated A CU Ն 5 gal. Blue symbols with white interior: events before the SAS coverage (1964 ( -July 1991 with A CU Ն 5 gal (Table  3) . Events with A CU Ն 5 gal during the SAS coverage but with no alert are shown by white symbols. The Mexican Volcanic Belt (MVB) is indicated by the orange areas.
Relatively large distances (Ͼ300 km) between the foci of damaging earthquakes that occur along the Pacific coast of Mexico and the city provide a unique opportunity for a seismic alert system (SAS). The large-amplitude S waves reach Mexico City more than 85 sec after the earthquake origin. A quick detection of an earthquake and an estimation of its damage potential to the city are possible by deploying sensors above the epicentral region. This can provide about 60 sec of alert time to Mexico City.
In fact, an SAS for Mexico City has been in operation since August 1991 (Espinosa-Aranda et al., 1995 EspinosaAranda and Rodríguez, 2003) . The sensors deployed by the SAS presently cover a 300-km-long segment of the Guerrero coast ( Fig. 1) , a known mature seismic gap (Singh et al., 1981) . It consists of 15 three-component accelerometers located ϳ25 km apart. The system detects P and S waves at the nearest sensor to the focus, and computes the energy in the accelerogram over a time window beginning at the arrival of the S wave and lasting twice the S-P time (in general, about 6 to 8 sec). It also computes the rate of accumulation of energy during this window. These two parameters are used to estimate the magnitude, M, of the earthquake (Espinosa-Aranda et al., 1989) . The system issues a restricted alert for 5 Յ M Ͻ 6. This alert is sent only to authorities and some special radio receivers. A public alert is issued for M Ն6 and is broadcast on radio stations. At least two near-source sensors must confirm the occurrence of the event before the warning is automatically broadcast by the SAS. In this study, we evaluate the SAS's performance and, based on the analysis of strong-motion data in Mexico, suggest modifications that would improve its effectiveness.
An Evaluation of the SAS Table 1 summarizes the SAS performance since August 1991, when the system became operational. During this period the SAS issued 46 restricted and 11 public alerts (J. M. Espinosa-Aranda, personal comm., 2004) . Figure 1 shows the epicenters of these earthquakes. As Table 1 illustrates, a restricted alert (5 Յ M Ͻ 6) was justified only in 12 of the 46 cases, in 27 cases no alert should have been given, and in 7 cases (with M Ն6) a public alert should have been issued. Only 3 of the 11 public alerts actually satisfied the requirement of M Ն6. During this period the SAS also gave one false public alert when no earthquake occurred and, in one case, it failed to give any alert when it should have issued a public one. Table 2 lists the M Ն5.0 earthquakes with epicenters within the area of coverage of the SAS that occurred between August 1991 and July 2004. Alerts were issued for 19 of the 50 events listed in the table. Of the 19 alerts, 9 were public and 10 were restricted alerts. Only in 7 cases the events were flagged correctly according to the magnitude criterion. As Tables 1 and 2 is located on basaltic lava flows. The peak horizontal acceleration, A CU , in the lake-bed zone of the city, where much of the damage occurs during earthquakes, is four to five times greater than at CU (Singh et al., 1987 (Singh et al., , 1988c A ‫ס‬ max(a (t) ) ‫ם‬ max(a (t) )
for t ‫ס‬ 0 to t ‫ס‬ tr, where tr is the record length, and a i is the acceleration in the ith direction. Figure 1 shows epicenters of 28 events that have occurred since 1964, which produced A CU Ն 5 gal. (See Tables 3 and 4 for events that were recorded at CU during 1964 CU during -1984 CU during and 1985 CU during -2004 Eleven of these events occurred in the period covered by the SAS (August 1991 -July 2004 . Of these 11 events, two were local earthquakes in the Valley of Mexico and another two occurred within a distance of 140 km from CU ( Fig. 1) . Typically, local events are small (M Ͻ3.5) and, although they sometimes gave rise to large A CU , they did not cause damage to the city. A useful seismic alert for events at a distance of 100 to 150 km from CU will be possible only if the detection is made in the epicentral region during the first few seconds of P waves train. This may, however, require a large number of high-quality stations, which are presently lacking in Mexico. For the remaining seven events, SAS issued four restricted and two public alerts. As Figure 1 shows, the four events with restricted SAS alert and one event with no alert were all located outside the region of SAS coverage. Of the 11 public alerts issued by the SAS (Table 1) , only four resulted in A CU Ն 5 gal. Figure 2 gives histogram of SAS alerts versus A CU . We conclude that the SAS alerts are not realistic indicators of A CU .
An Alternative Strategy for Issuing SAS Alerts
There are two reasons to develop an alert algorithm that is not based on the estimation of magnitude using nearsource accelerograms. First, as shown previously, this leads to a high rate of failure and false alerts. Second, if and when the SAS coverage increases to include a larger area, then magnitude will not be a meaningful parameter. This is because ground motion in the Valley of Mexico from the same magnitude earthquake in Michoacan or Oaxaca will differ from one in Guerrero (the area presently covered by the SAS) due to the difference in the distance to the valley. Thus, the magnitude will have to be translated into expected ground motion in the valley using some attenuation relation. The uncertainties in the estimation of magnitude and in the prediction of ground motion at CU, once the magnitude is estimated, may result in very poor performance of the SAS. For these reasons, we will pursue an alternative strategy of directly estimating ground motion at CU from close-tosource recordings, without the intermediate step of first estimating the magnitude of the event. We emphasize that this strategy does not require near-source data. In fact, there is Pardo and Suarez (1995) . ‡ M w from Chael and Stewart (1982) . Other M w values from Harvard CMT catalog.
no restriction on the hypocentral distance of the station. As we discuss later, this strategy permits a large increase in the SAS's areal coverage with only a modest increase in the number of sensors. In the following analysis, we have used the closest-to-source strong-motion recordings irrespective of the hypocentral distance.
Because detection based on S-wave data results in less alert time, it may seem more desirable to develop an algorithm based on P-wave data (e.g., Nakamura, 1988; Tsuboi et al., 2002; Allen and Kanamori, 2003; Kanamori, 2005; Olson and Allen, 2005; Wu and Kanamori, 2005) . However, such algorithms require high-density and high-quality stations. In Mexico, the density of stations remains low with only a modest increase contemplated in the near future. For this reason, we base our analysis on S-wave data. We will take A CU , defined in equation (1), as an adequate measure of the damage potential of an earthquake in the Valley of Mexico.
Estimation of A CU from the Recording of a Field Station
Suppose an earthquake is recorded at a close-to-source station whose hypocentral distance is R S . Let the hypocentral distance to CU be R CU . From this information, we require an estimate of A CU . In operational mode of the alert, R S may be estimated from the S-P time. If R S is small then R CU will be roughly equal to the distance between the station and CU, otherwise a simple analysis of three-component P-wave data may be used to estimate the azimuth of the source and, as we know R S , we can estimate the epicenter location, hence, R CU .
To develop a relationship between field recording and A CU , we use the available strong-motion database. Extensive strong-motion recordings in Mexico began in 1985 with the installation of the Guerrero Accelerographic Array (GAA) (Anderson et al., 1994) . Table 4 lists the 45 earthquakes that have given rise to the largest peak accelerations at CU, A CU , during 1985 CU , during -2004 . The events are listed in descending order of A CU . The table indicates the event type: shallow thrustfaulting interplate earthquake along the Pacific coast (10 Ͻ H Ͻ 30 km), steeply dipping thrust or normal-faulting inslab earthquake (35 Ͻ H Ͻ 120 km), and shallow local earthquake in the Valley of Mexico. Column marked "Field Station" gives the code name of the closest strong-motion station that produced a record. We note that six of the first 10 events in the table are inslab, normal-faulting earthquakes. In Mexico, such events occur below the coast as well as the forearc (Fig. 1 ). In comparison with the thrust events that occur close to the Pacific coast, these earthquakes are relatively enriched in high-frequency radiation (García et al., 2004) . As mentioned earlier, the present SAS is designed only for events occurring near the coast of Guerrero.
In Table 4 we do not assign numbers to local earthquakes that caused relatively large acceleration at CU but no damage. These events were discarded from further analysis. The first two events in Table 4 devastated Mexico City, and the third and fourth events were strongly felt but resulted in only minor damage to the city. A CU exceeded 8 and 7 gal during the first 7 and 10 events, respectively.
Selection of the Ground Motion Parameter.
From previous studies, it is well known that peak acceleration, A max , in the near-source region, as a function of M shows large scatter and is essentially independent of M for M greater than about 5.5 (e.g., Singh et al., 1989) . The characteristics of the source, its extended nature, and site effects are responsible for the large scatter and saturation of A max . On the other hand, A CU clearly scales with M (Singh et al., 1988b,c; Ordaz et al., 1994) . It follows that A max recorded at a close-tosource station is also likely to be a poor ground-motion parameter to relate to A CU . Because larger earthquakes last longer, such earthquakes cause sustained high acceleration over longer duration. This suggests that root-mean-square acceleration, A rms , computed over an adequate time window, t d , may be a more useful and robust measure of the size of the earthquake. Thus, for our analysis of the close-to-source accelerograms, we compute I i (t 0 , t), and A rms (t 0 , t d ) where
We take t 0 ‫ס‬ t s , where t s is the S-wave arrival time. Clearly, the window length t d should be sufficiently small to provide as much warning time as possible and yet large enough to provide reliable information about the size of the earthquake. Although we tested different window lengths, we present results for t d ‫ס‬ 10 sec. This window gives reasonable estimate of the size of the event and yet provides sufficient alert time for Mexico City. For simplicity, henceforth, we will denote A rms (t s , 10) by A rms .
Unfiltered versus Filtered Records. We performed the analysis using unfiltered as well as filtered close-to-source and CU accelerograms. The reason for using filtered records stems from the fact that the damage to Mexico City is related to the ground motion in the frequency band of 0.2 to 1.0 Hz. It is in this frequency range that the ground motion is amplified in the lake-bed zone. Figure 3 illustrates what may be expected from the use of filtered records. The left frames in the figure show accelerograms (north-south component) of six selected events from Table 4 , and the center and right frames are the plots of I N (t s , t) using unfiltered and filtered accelerograms, respectively. Several points may be noted from the figure: (1) A max is independent of M in the magnitude range 5.8 to 8.0. (2) I N (t s , 10), computed from unfiltered record, does not scale with M. The largest I N (t s ,10) corresponds to the smallest event 17 (M 5.8). (3) When computed using filtered records, I N (t s , 10) of the smaller events (M ϳ5.9) are, in general, smaller than for the larger events. This, however, is not always the case (e.g., I N for event 1 [M 8] is less than for event 4 [M 6.9]) due to the somewhat random nature of highfrequency radiation. These observations suggest that an alert based on bandpass-filtered (0.2-1.0 Hz) close-to-source and CU accelerograms may be more reliable. As we show later, this indeed is the case.
We computed A rms from the closest-to-source record for each of the 45 events listed in Table 4 . The S-wave arrival time was picked manually. In real-time operation of the alert system, P-and S-arrival times will be picked automatically using some reliable algorithm (e.g., Ruud and Husebye, 1992; Espinosa-Aranda et al., 1995) . In the analysis of filtered data, both close-to-source and CU records were bandpass filtered (0.2-1.0 Hz) before the computation.
Estimation of A CU from A rms . We consider A rms , R CU , and R S , which are measured or computed using field measurements, the independent variables from which peak acceleration at CU, A CU , has to be predicted. We propose the following functional relation based on general seismological principles:
CU rms
R CU
The exponential term in equation (4) accounts for anelastic attenuation, whereas the ratio between distances raised to the power n accounts for geometrical spreading. Exponent b is not justified on theoretical grounds; it will be used as an artifact to obtain a better fit. ␣, b, and n are constants to be obtained from a linear least-squares fit to the data listed in Table 4 using the following function:
where e is assumed to have a normal distribution with zero mean and standard deviation r. Because the unconstrained fit yields physically unacceptable values of the constants, we constrained n to 1 and 0.5, which are associated with geometrical spreading of body waves and surface waves, respectively. With n ‫ס‬ 1, (␣, b, r) for unfiltered and filtered data are (0.0061, 0.636, 0.894) and (0.0086, 0.544, 0.814), whereas the corresponding values with n ‫ס‬ 0.5 are (0.0029, 0.601, 0.804) and (0.0050, 0.554, 0.725). We note that r is smaller for the filtered data than for the unfiltered data. Furthermore, the choice of n ‫ס‬ 0.5 yields smaller r than n ‫ס‬ 1. For these reasons, we choose filtered data and n ‫ס‬ 0.5 for further analysis. In view of the preceding, given A rms , ln A CU will be regarded as a normally distributed variable with standard deviation r and expected value given by:
CU S Ί R CU Because ln A CU is normally distributed, it follows that A CU has a lognormal distribution with standard deviation of the logarithm equal to r and median equal to A red , given by (e.g., Limpert et al., 2001) :
red rms Ί R CU Our system will issue an alert when its estimation of A CU , that is, A red , exceeds a given value A min . To investigate the performance of the alert system and to fix a reasonable value of A min we need to compute the probabilities of failure and false alert. A failure takes place when large ground motion occurs and an alert is not issued, that is, when our estimation A red Ͻ A min (so an alert is not issued) but the true value of acceleration at CU, A CU , is larger than A L , where A L is the ground acceleration that divides small from large ground motions. On the other hand, a false alert occurs when an alert is issued (because A red Ͼ A min ) but the true value A CU turns out to be smaller than A L . The probabilities of failure and false alert, P 1 and P 2 , respectively, are given by (e.g., Ross, 1998) :
where p(A CU , A red ) is the joint probability density function of A CU , A red , which can also be written as:
CU red CU red red where p(A CU | A red ) is the probability density function of A CU given A red , which, from the analysis presented earlier, is a lognormal density function with median A red and standard deviation of the logarithm equal to r. In other words,
CU red 2prA Ί
CU
It is difficult to find, on theoretical grounds, the probability distribution of A red . However, an analysis of our database (Table 4) suggests that this variable can be reasonably assumed to have an exponential distribution with parameter k ‫ס‬ 0.346, as shown in Figure 4 , where we have fitted the observations, in terms of the probability of exceedence, to those predicted by an exponential distribution. The empirical probability of exceedence was computed as the number of times in which a value of A red was exceeded, divided by the Table  4 . A red , the expected value of peak acceleration at CU, is computed by using equation (7). An exponential distribution with parameter k ‫ס‬ 0.346 (equation 10) fits the data well. Table 5 Probabilities of Failure (P 1 ) and False Alert (P 2 ) for Different
Values of A min total number of events in our database. Note in Figure 4 that the empirical probability of exceedence becomes flat between 11 and 23 gal. This happens because a value of 11 is exceeded only once and values larger than the largest value in the database are never exceeded. This is a sampling problem that does not invalidate our choice of model or parameter k. In view of this,
Now, with equations (8)- (11), P 1 and P 2 can be numerically computed for given values of A min and A L . Table 5 An Alert Algorithm Figure 6 shows a plot of A CU versus A red for filtered data from the events listed in Table 4 . This figure and Table 5 provide a rational basis for the selection of an appropriate alert algorithm.
Suppose we desire an alert when A L ‫ס‬ 2 gal (i.e., A CU Ն 2 gal) and require that the probability of failure P 1 be 1%. Then, as Table 5 shows, A min must be set at 0.8 gal (A red Ն 0.8 gal). In this case, the probability of false alert, P 2 , is 29% (Table 5) . If, on the other hand, we require an alert only for very intense motions at CU, say A L ‫ס‬ 8 gal (i.e., A CU Ն 8.0 gal), then for P 1 ‫ס‬ 1%, we must set A min ‫ס‬ 2.5 gal (i.e., A red Ն 2.5 gal). This will result in ϳ30% false alert (Table  5) . Of course, if we are willing to accept a higher failure probability of the alert, then A min increases and the probability of false alert decreases (Table 5) .
Clearly, the decision on the level of ground motion at CU that merits an alert needs a thorough public debate. Should an alert be issued only when an earthquake is likely to cause damage in the city? From Table 4 we note that of six events for which filtered A CU Ն 8.0 gal, events 1 and 2 devastated the city and the other four events were very strongly felt and also caused some damage. Any credible alert system must flag these events for general alert. Thus, if we desire an alert for only damaging earthquake, then A L ‫ס‬ 8 gal (hence A min ‫ס‬ 2.5 gal) may be a good choice. On the other hand, we may require an alert for events which are felt by most residents of the city. For such events A L ‫ס‬ 2 gal (A min ‫ס‬ 0.8 gal) may be a good choice. It is straight- Figure 6 . A CU versus A red for the events listed in Table 4 (filtered data). Superimposed are the values of A red corresponding to a desired alert at A CU Ն A L with a probability of failure of 1%. (left) If A L ‫ס‬ 2 gal, then A red ‫ס‬ 0.8 gal. The probability of false alert in this case is about 30% (Table 5 ). (right) If A L ‫ס‬ 8 gal, then A red ‫ס‬ 2.5 gal. In this case the probability of false alert is also about 30%.
forward, of course, to set a two-level alert similar to one currently implemented by SAS. We think that only one level of alert, a general one for A L ‫ס‬ 2 gal, is the best option. This would include most earthquakes that would be felt by many of the inhabitants of the city. On average, about three alerts every 2 years will be issued (Table 4 , Fig. 6 ), which should make the system credible to society. More importantly, the probability of missing a damaging earthquake would be negligible. The fact that some weaker events (A CU Ͻ 2 gal) will also qualify for general alert is inevitable. Fortunately, this will be an error in the preferable, conservative direction.
Automated Processing of the Accelerograms
The results of the previous section were obtained by processing the filtered close-to-source accelerograms using a window of 10 sec beginning with the arrival of the S wave. In practice, the detection algorithm will perform continuous analysis of the signal in a sliding window of 10-sec duration. If at any time A red (computed from A rms , R CU , and R S , equation 7) equals or exceeds a pre-established threshold A min (0.8 gal proposed previously) at any sensor, and a nearby sensor confirms the occurrence of an earthquake, then the system would issue a general public alert. We tested this algorithm on the dataset of Table 4 for A min ‫ס‬ 0.8 gal. The results are shown in Figure 7 . In this figure, the events for which A red Ն 0.8 gal at any time over the duration of the accelerogram are shown by a colored symbol. If A red remains less than 0.8 gal then the symbol is left blank and no alert is flagged. The colors are keyed to the time difference between the beginning of the window and the arrival of the S wave at the instant A red threshold is first reached. In the figure , A red is the maximum value obtained during the processing of the accelerogram. The results are roughly the same as shown in Figure 6 (left): a general alert is issued for all the first 20 events in Table 4 , 13 false alerts (i.e., A red Ͼ A min and A CU Ͻ 2.0 gal), and no failure (i.e., A red Ͻ A min and A CU Ͼ 2.0 gal). As seen from the color code, for many events a general alert would have been issued in a time window that is less than 10 sec after the S-wave arrival, thus increasing the available warning time for Mexico City.
A Possible Configuration of an Improved SAS Array As mentioned previously, the present SAS array consists of 15 accelerometers located ϳ25 km apart. The array covers a 300-km-long segment of the Guerrero coast, known as the Guerrero seismic gap (Fig. 1) . The limited areal coverage of the SAS excludes the possibility of issuing alerts for earthquakes that occur on the adjacent segments of the subduction plate boundary and for inslab earthquakes. In fact, the present coverage of the SAS might not issue an alert if the 1985 Michoacan earthquake were to recur. As Figure 1 shows, several inslab earthquakes have given rise to large accelerations at CU since 1964. For such events the sensors of the present array will either provide no alert or a lower level of alert.
An obvious solution to this problem is to increase the density of stations so that a sensor always is within an epicentral distance of ϳ30 km whose data is available in real time at a central processing station. This, however, will not be possible in Mexico in the foreseeable future for financial reasons. Here we explore an alternative solution that may be financially viable and may considerably improve the areal coverage of the present SAS. It is based on the deployment Figure 7 . A CU versus A red where A red is obtained by processing the field accelerogram of events in Table 4 in the same manner as the alert algorithm would operate in the field. Continuous analysis of the signal is performed using a 10-sec-long window. When A red Ն A min then an alert is issued (colored symbol). Here A min ‫ס‬ 0.8 gal (vertical line). The 2-gal level in A CU is indicated by the horizontal line (see text). The colors are keyed to the beginning of the window with respect to the arrival of the S wave. If A red is less than 0.8 gal then the symbol is left blank.
of an array of sensors forming a roughly semicircular arc of ϳ310-km radius centered at CU (Fig. 8) , with sensors located 30 to 40 km apart (for a total of 25 to 30 sensors). Such an array will provide near-source recordings for seismic alert for events in the Guerrero gap, as is presently the case with SAS. It will also provide relatively close recordings for some inslab events. A significant advantage of the array, however, will be that it will provide alerts for all events (coastal and inland) that may occur at distances exceeding 310 km from CU. For such events, the records from the closest sensor may be used to estimate the (S-P) time and the azimuth of the source, and, hence, the hypocentral distances to the source and CU. We tested this possibility with the earthquakes of 9 October 1995 (M w 8.0), 30 September 1999 (M w 7.4), and 22 January 2003 (M w 7.4) (events 19, 7, and 13, respectively, in Table 4 ) recorded at stations MOIG, OXLC, and ZIIG, respectively (Fig. 8) . The distances from CU to these stations are 214 km, 308 km, and 362 km, respectively. The estimated R S /R CU for these events are 0.62, 0.34, and 0.53, respectively, whereas the corresponding true ratios (obtained from the known hypocentral locations) are 0.65, 0.27, and 0.59. The computed A rms during these events are 0.95, 5.02, and 0.86 gal, which yield the expected A max at CU, A red , of 2.2, 6.2, and 1.6 gal, respectively. Because A red values are greater than 0.8 gal, these events qualify for seismic alert if we require A CU Ն 2 gal with P 1 ‫ס‬ 1%. Indeed, the observed A CU values during these earthquakes were 3.5, 8.3, and 5.5 gal, respectively (Table 4) .
The proposed array will give an alert time of about 28 sec for inslab events occurring at epicentral distances of up to 270 km from the city. This estimation assumes: depth of the event ‫ס‬ 80 km, S-wave speed ‫ס‬ 4.5 km/sec, D station ‫ס‬ 40 km, and D CU ‫ס‬ 270 km. The S wave will arrive at the station and at CU in Mexico City about 20 sec and 63 sec after the origin time, respectively. If we allow an additional 15 sec for the computation of A rms , A red , the transmission of relevant parameters to a central station in Mexico City, and the confirmation of the event by an adjacent station, then the alert can be issued after ϳ35 sec after the origin time. This gives an alert time of 28 sec for Mexico City.
We note that roughly one third of the proposed array is already covered by the sensors of the SAS. Thus, the additional sensors needed would be between 16 and 20. The strong-motion array in Mexico has recently been enlarged and several of these stations could form part of this half-ring (Fig. 8) . Though these stations are presently autonomous, they could be upgraded to transmit the data in real time to the central station in Mexico City. Thus, only about 10 new stations may suffice to substantially increase the coverage of the present SAS.
The problem of inslab earthquakes, which are known to occur at epicentral distances of less than 270 km from the city, still remains. In some cases this distance may be as close as 140 km (Iglesias et al., 2002) . Furthermore, destructive crustal events close to the city cannot be ruled out. An example is the 1912 Acambay earthquake (D CU ϳ100 km, M s 7.0). Useful alerts for such events would require additional, closer sensors, and a detection algorithm based on P waves.
Discussion and Conclusions
The challenge facing any SAS resides in reliable estimation of the damaging potential of an earthquake from the analysis of only a few seconds of close-to-source groundmotion recordings. The task is made simpler for an alert system for Mexico City because it is located more than about 300 km from the locations where most of the potentially damaging earthquakes occur. This provides reasonable warning time even when the detection in the near-source region is based on S-wave arrivals.
The present SAS for Mexico City has been in operation since August 1991. We find two basic flaws with this system: (1) it covers only a part of the region where damaging earthquakes to Mexico City originate (a well-known limitation of the SAS). (2) The algorithm used by the SAS to detect potentially damaging earthquakes from the analysis of the nearsource ground-motion recordings is inadequate. Because of these two shortcomings, the SAS failure and false alert rate is high.
In this article, we have proposed a strategy that differs from that of the SAS in one basic aspect: we relate the ground motion at a field station directly to the expected motion in the city, without the intermediate step of estimating the magnitude of the event. Although our analysis is based on closeto-source accelerograms of Mexican earthquakes since 1985 and the corresponding ground motions recorded in Mexico City, there is no restriction on the distance to the field station, except the one requiring sufficient alert time to Mexico City. In our proposed scheme, the alerts would be based on the relationship between root-mean-square acceleration, A rms , at the field station and the expected peak acceleration, A CU , at a reference site in Mexico City, CU. We tested the use of unfiltered and bandpass-filtered (0.2-1.0 Hz) accelerograms. The choice of the filter is based on the fact that the amplification of seismic waves in the lake-bed zone of the Valley of Mexico occurs in this frequency band. We find that the use of bandpass-filtered accelerograms of 10-sec duration at the field station, beginning with the arrival of S-wave, leads to more reliable alerts.
The relationship between the level of alert and A CU is a decision that needs thorough debate by society. We think that a single level of alert is the best option because it is easy for the public to understand and it can be related to their personal experience. This alert could be issued if the expected peak acceleration in CU, A red , computed from A rms at a field station equals or exceeds 0.8 gal. As shown earlier, this threshold assures that the peak acceleration in CU will equal or exceed 2 gal with 1% probability of failure. This would include most earthquakes that would be felt by many of the inhabitants of the city. On average, about three alerts every 2 years will be issued, which should make the system credible to the society.
In real-time implementation of the algorithm, the alert for many events will be issued in less than 10 sec after the arrival of S waves at the station.
To ensure that the public credibility in the system is maintained, it is essential to increase the coverage by the SAS. We suggest an array consisting of sensors distributed on a roughly semicircular arc of ϳ310-km radius centered at CU (Fig. 8 ) and located about 30 to 40 km apart. Such an array could provide an adequate coverage for all coastal earthquakes and those inland earthquakes that occur at epicentral distances exceeding 270 km from Mexico City. If an alert is desired for crustal and inslab earthquakes that may occur closer to the city, then a dense array of close-in sensors and an algorithm based on P waves would be required. of this research is to make the SAS, a technical achievement in seismological instrumentation without parallel in Mexico and the fruit of years of effort by the personnel of CIRES, as useful as possible. The opinion expressed here may or may not be shared by CIRES and it is entirely the responsibility of the authors. The research was funded in part by CONACyT project 42671-F.
